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Abstract. This paper offers insights into optimization of electret-based energy harvesters
made of two patterned electrodes facing movable electret strips parallelized with a pitch p. The
effective electrode dimension of such harvester structures is optimized to maximize power under
given displacement amplitude and acceleration amplitude, while the length and the width of
the design area are kept fixed. The geometrical optimization includes fringing field effects that
may have significant impacts on the output power of the small-scale devices. The optimization
problem is carried out through an established accurate lump-model represented by an equivalent
circuit. The optimal electrode width that gives maximum power is proportional to the proof-
mass displacement amplitude by an approximate formula aopt ~ 1.45X,. Optimizing the pitch
can further increase the maximum power as it simultaneously regulates both optimal ratios to
the electrode width and the gap size.

1. Introduction

Small-scale vibration energy generators have promoted operation of wireless sensors nodes
without the need of battery by converting kinetic energy from surrounding into electrical
energy. Electret-based energy harvesting is the most favourable technique with respect to the
feasibility of standard microfabrication process. The use of internal bias by an electret makes the
harvesters more easily self-sufficient and integrated. Recently, there are a number of harvesters
structured by an electret pattern on a movable substrate and a set of metal-strip electrodes on
a stationary substrate. The two substrates are separated by a micro-gap. Such harvesters have
experimentally demonstrated potential applications of monitoring car-tire and windmill [1, 2].

Because of significant fringing fields in the microscale devices, an accurate harvester-model
is still a challenge. There are several works in modeling and design optimization to maximize
harvester performance. Their models are based on either using an ideal field assumption or
time-consuming FEM computation [3, 4]. So far, there may have only an effort that investigates
electrode optimization for slot-effect configured generators [5]. However, the conformal mapping
technique used for the model is limited by assumption on material and geometry.

This work presents an effort to overcome the aforementioned limitations. The transducer
electrodes are dimensionally optimized for power enhancement. This is accomplished by a built
analytic tool that includes all possible effects of geometry, materials and fringing fields. A
standard equivalent-circuit is established to capture all electromechanical dynamics as well as
to numerically solve the geometrical optimization problem, based on the time-domain circuit
simulator SPICE.
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2. Analysis
2.1. MEMS electret-based transducer
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Figure 1. a) Simplified cross-section structure and b) equivalent-circuit model of an electret-
based energy harvester.

A simplified cross-section of the electret-based energy transducer is shown in figure la. The
top layer of the conductive proof-mass substrate consists of M parallel electret-strips with a
width b deposited on a dielectric layer with thickness d and permittivity €;. The electret strips
distributed to each other by a pitch p symmetrically faces a set of fixed metal-electrodes 1 and
2 with width a on the top substrate with permittivity o by an air gap g with permittivity
€o. The proof mass m suspended by mechanical springs (not shown) with stiffness k& has a
relative displacement x to the two fixed-electrodes in the lateral direction. Thickness of each
electrode/electret pattern is assumed negligible. The end-effects can be neglected as the period
number M is considered to be sufficiently large, so that the charge distribution on each electret
strip is assumed periodic and uniform. Under the proof-mass motion driven by a time-varying
acceleration a(t), the total fixed-charge Qe over the entire electret induces charge variation
between two fixed-electrodes, generating an electrical current through a resistive load Ry..

2.2. Equivalent-circuit model

The method used here to build an accurate model is established from our own previous work
[6] that provides a fast and full exploration of design parameters. The calculation approach is
essential to include all possible effects of fringing fields that may affect the output power. To this
end, singular divergences of the surface charge density are taken into account at the edges of the
metal strips in form of reciprocal square root. The method to calculate the all induced-charge
coefficients 7;; in the electrostatic system is considered as an adaption of previous boundary
treatments applied for surface acoustic wave microstrip-devices [7, 8]. The total electrostatic
energy stored in the system is

1

1
© = Szl (112Q1Q2 + 113Q1Qe + 723Q2Qc) + AneoML

where Q1 and ()2 are the total charges on the electrodes 1 and 2, and L is the electrode length.
The induced-charge coefficients depend on the transducer geometry, the material properties and
the relative displacement x. Further details of the coeflicient calculation ;j can be found in [6].
The electromechanical transducer can be now represented by an equivalent-circuit based on
the e — V convention [9, 10] in figure 1b, where by, is the mechanical damping coefficient and
Fext = ma is the external force. In the circuit, three key elements Fy(z, @), Vo(x) and C are

(711@% + 722Q3 + 733@3) (1)
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where @Q = % The force Fi(x,Q) represents the electromechanical coupling between

mechanical and electrical domains of the transducer, the displacement-dependent built-in source

Ve(z) is the open-circuit voltage when @ = 0 and C' is the effective capacitance between the two
electrodes 1 and 2.

3. Electrode optimization
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Figure 2. Open-circuit voltage vs. proof Figure 3. Output power as a function of
mass displacement for different metallization metallization ratio for different amplitudes of
ratios a/p. proof mass displacement.

In order to optimize the electrode dimension of the transducer, the active design area is kept
fixed during the optimization which seeks an effective electrode area that gives maximum power
for given displacement amplitude Xg or acceleration amplitude A. All design parameters are
taken from the device example in [3], except a and p that are the dimension parameters to be
optimized. The device had a set of SigNy electret strips on the SiOs dielectric layer deposited
on the silicon proof mass substrate. The substrate for the metal-electrodes makes use of glass
material. The design area is 10 x 10 mm?.

Figure 2 shows open-circuit voltages for different metallization ratios 0 < a/p < 0.5. The
maximum voltage-amplitude at ‘x/p‘ = 0.25 is higher for the lower ratio a/p, but the linear
range is extended for larger electrode. With short electrode, the voltage rate decreases for the
displacement }:E / p‘ — 0.25. It can be explained that the induced charges on the two electrodes
have less variation when one of the electrodes completely overlaps the electret pattern. The
voltage amplitude increases for decreasing a/p, but the effective capacitance C'is correspondingly
reduced for example C' = 11.3 pF for a/p = 0.1 and C' = 31.5 pF for a/p = 0.4. The higher
ratio a/p is required to maximize power for the larger amplitude Xy under load optimization,
see Figure 3. For X = p/12, a maximum power is obtained at an optimal electrode aopt = 0.12p
while this value is of agpy = 0.35p at Xog = p/4. The relation of aqpy to Xo can be approximated
by a linear fit in figure 4. The optimal electrode width is approximately aqpt ~ 1.45X(, so that
the optimization is achieved when the displacement reaches two extremes of the linear range.
The device parameters used for the lumped-model here have d/p = 2x 1073 and g/p = 2 x 1072,

but this optimal condition can be generalized to various geometries with d < g < p for the
similar MEMS harvester structures.
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Figure 4.' Relationship' between optime'ml Figure 5. Output power and number of
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Figure 5 shows an alternative to optimize electrode area by varying the pitch p while keeping
a/p = 0.4 fixed. Increase of M when scaling p down causes stronger electrostatic force, leading to
smaller Xy at the same acceleration amplitude. The maximum power achieved at p/py = 0.3 is
about 1.08 times higher than that obtained by only optimizing a/p (aept = 0.15p) at p/pg = 1.0.
It is because the change of the pitch makes the ratio g/p further optimized while the condition
a = aopy is still ensured by impedance matching which affects Xy. The same maximum power
is obtained at optimal load when varying both a/p and p/po.

4. Conclusion

We investigated geometrical optimization for the electret-based vibration energy harvester
configured in the slot-effect scheme. The optimization problem is to explore an effective electrode
area for maximizing the harvested power with respect to the constraint of the total design area.
To build a simulation tool, an accurate lumped-model that governs both the electromechanical
dynamics and the fringing field effects was established in form of the standard equivalent circuit.
The optimal electrode is found to be proportional to the proof-mass displacement amplitude by
a linear approximation aqp; ~ 1.45X(, while the pitch optimization is possible to enhance a
higher maximum power.
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